We present an in situ powder X-ray diffraction study on the phase stability and polymorphism of the metal− organic framework ZIF-4, Zn(imidazolate) 2 , at simultaneous high pressure and high temperature, up to 8 GPa and 600°C. The resulting pressure−temperature phase diagram reveals four, previously unknown, high-pressure−high-temperature ZIF phases. The crystal structures of two new phasesZIF-4cp-II and ZIF-hPT-IIwere solved by powder diffraction methods. The total energy of ZIF-4-cp-II was evaluated using density functional theory calculations and was found to lie in between that of ZIF-4 and the most thermodynamically stable polymorph, ZIF-zni. ZIF-hPT-II was found to possess a doubly interpenetrated diamondoid topology and is isostructural with previously reported Cd(Imidazolate) 2 and Hg(Imidazolate) 2 phases. This phase exhibited extreme resistance to both temperature and pressure. The other two new phases could be assigned with a unit cell and space group, although their structures remain unknown. The pressure−temperature phase diagram of ZIF-4 is strikingly complicated when compared with that of the previously investigated, closely related ZIF-62 and demonstrates the ability to traverse complex energy landscapes of metal−organic systems using the combined application of pressure and temperature.
■ INTRODUCTION
Metal−organic frameworks (MOFs) are a subset of coordination polymers, consisting of three-dimensional, low-density networks of metal ions interlinked with organic ligands. Zeolitic imidazolate frameworks (ZIFs) are a subfamily of MOFs, populated by structures with tetrahedral metal nodes interconnected by ligands of imidazolate (Im, C 3 H 3 N 2 − ) derivatives. The four-connected metal-N 4 building units of ZIFs show strong geometrical similarities with the fourconnected SiO 4 and AlO 4 building units of inorganic zeolites, and therefore the two families share many network topologies. 1 Like zeolites, the ZIF family displays rich polymorphism, with variations in synthesis conditions alone yielding 18 polymorphs for the Zn(Im) 2 composition. These have distinct structures, densities, and topologies (Supplementary Table 1 ). Much computational 2 and experimental 3 effort has been expended in deducing the relative thermodynamic stabilities of these phases. Trends between structure and activity have also been established for mechanical 4 and thermal stability, 5 structural flexibility, 6 nitrogen 7 and hydrogen 8 adsorption, and mixed gas separation. 9 Among all those polymorphs, ZIF-4 is relatively the most energetically stable 2 and most studied phase among the microporous Zn(Im) 2 compounds. ZIF-4 has a remarkable performance in separation of olefin/paraffin mixtures compared to other promising MOFs such as CPO-27 and MIL-53, 10 the capability of adsorbing and retaining radioactive iodine, 11 and ability to be shaped. 12, 13 The synthetic route to ZIF-4 is scalable, 14 which demonstrates a potential for its industrial applications. Meanwhile, ZIF-zni and ZIF-coi compete as the most stable dense polymorphs. 15 ZIF-4 also demonstrates diverse structural behavior at nonambient conditions. On cooling, it undergoes a displacive phase transition to a structure of unchanged symmetry but with a strongly contracted unit cell volume. 16 On heating, ZIF-4 amorphizes above 250°C. This amorphization event is characterized upon further heating by a transition from a lowdensity to a high-density glass. 17 The low-density state of ZIF-4 is particularly interesting because it may represent an amorphous state with a potential energy equivalent to the corresponding crystalline state. Such states have been termed "perfect" glasses due to their relatively low entropy. 18 On further heating, the amorphous phase recrystallizes to a denser phase of zni topology (ZIF-zni) above 400°C. 19 At 590°C, ZIF-zni forms a quenchable melt of unaltered chemical composition and short-range order compared to its crystalline precursor. 20 ZIF-4 also undergoes significant structural changes under compression. A displacive phase transition to a denser phase at 0.03 GPa is followed by amorphization around 1 GPa. 21 This amorphization is reversible upon decompression if the maximal reached pressure does not exceed a certain threshold pressure. 22 The closely related ZIF-62 Zn(Im) 1.75 (bIm) 0.25 (bIm: benzimidazolate, C 7 H 5 N 2 − ) adopts the same topology and space group and a similar unit cell to ZIF-4. However, approximately 12% of the imidazolate sites are instead occupied by benzimidazolate ligands. Our recent study of the pressure−temperature (P−T) phase diagram of ZIF-62 has demonstrated intriguing synergetic effects of the application of P and T on MOFs. For instance, the melting curve was shown to follow a negative Clapeyron slope; that is, the melting temperature decreases with increasing pressure.
Importantly, the simultaneous application of P and T has also been reported to play an important role in synthesizing materials with interesting physical properties. For example, the TiCrO 3 perovskite, synthesized at 6 GPa−1230°C, was shown to exhibit unusual magnetic properties. 23 Such methods can also be used to synthesize materials with unexpected chemical bonding, for example, polymerized CO 2 with nonlinear optical properties, 24 and to industrially produce ultrahard materials such as diamond and c-BN. 25, 26 Motivated by the diverse response of ZIF-4 to application of either P or T, but the unknown consequence of simultaneous P−T, and as a complementary study to the phase diagram of ZIF-62, here we report the P−T behavior of ZIF-4 by means of in situ synchrotron powder X-ray diffraction (PXRD) experiments in combination with a resistively heated diamond anvil cell (DAC). The resultant P−T phase diagram demonstrates the formation and approximate stability range of new crystalline polymorphs of MOFs at high-P−T conditions. Overall this reflects a remarkably rich polymorphic system, especially when compared to the closely related ZIF-62 system.
■ MATERIALS AND METHODS
Periodic density functional theory (DFT) calculations were performed with the Vienna ab Initio Simulation Package (VASP). 30−32 The electron−ion interactions were described using the projector-augmented wave (PAW) method developed by Blochl. 33 The Kohn−Sham equations were solved self-consistently until the energy was converged within 10 −6 eV. The semilocal PBE exchange−correlation functional was employed. 34 However, this level of theory is known to lack the correct description of long-range dispersion interactions, 35 and in the present work we used the PBE-D3 scheme for correction of dispersion interactions, which was shown to provide a good description of MOF structures. 36 The plane wave cutoff energy was set to 550 eV, and partial orbital occupancies were smeared using the Gaussian smearing scheme 37 with a smearing parameter of σ = 0.2 eV. The relaxation of the structures was performed until all forces acting on the atoms were smaller than 0.03 eV/Å. Due to the large unit cell sizes considered, the Brillouin-zone sampling was restricted to the Γ-point.
Crystalline and fully evacuated ZIF-4 was prepared using previously established methods as described in the Supporting Information. The high-P experiment was performed at ambient temperature on the MS beamline (λ = 0.6202 Å) at the Swiss Light Source, 27 Switzerland, using a membrane-driven diamond anvil cell (MDAC) with Daphne Oil 7474 as a nonpenetrating pressure-transmitting medium. High-P− T experiments were performed on the I15 beamline (λ = 0.4246 Å) at Diamond Light Source, UK, using a resistively heated MDAC with silicone oil AP100 as a nonpenetrating pressure-transmitting medium. In situ PXRD data were collected in a P−T range from ambient pressure up to 8 GPa and from ambient temperature up to 580°C. The temperature was measured with a K-type thermocouple attached close to one of the diamond anvils, while internal pressures were determined from the refined unit cell volumes of admixed NaCl and its equation-of-state parameters. 28 High-T PXRD data were collected under vacuum on a Bruker D8 Advance diffractometer equipped with a MRI radiation-heating stage (Physikalische Geraẗe GmbH, Germany). All heating-and pressure-increase rates as well as equilibration times are detailed in Supporting Table 2 . Structure solutions and Rietveld and Lebail refinements were performed using the software package TOPAS-Academic V6. 29 Details on structure solution and refinement strategies can be found in the Supporting Information, alongside the observed diffraction data.
■ RESULTS AND DISCUSSION ZIF-4 at High-P−Ambient-T. The high-P behavior at ambient-T of ZIF-4 has previously been studied under a variety of conditions. The findings of previous studies 21, 22 and our own results alongside an indication of the respective experimental conditions are shown in Figure 1 . A summary of crystal structural parameters of all high-P−ambient-T phases of ZIF-4 is given in Table 1 . PXRD patterns are shown in Supporting Figure 1 . Representative whole-pattern fitting results to experimental PXRD data are given in Supporting Figure 2 .
Two previous studies reported two distinct, monoclinic, high-P phases of ZIF-4: ZIF-4-I in the presence of solvent and ZIF-4-cp for the evacuated framework. 21, 22 Here, we found a rapid transformation of ZIF-4 at a pressure below 0.1 GPa to an unreported orthorhombic phase, which is termed ZIF-4-cp-II (closed pore), in accordance with the established nomenclature. ZIF-4 and ZIF-4-cp-II coexist over a range of approximately 0.5 GPa. We did not observe amorphization of the denser polymorph above 1 GPa, in contrast to the other two high-P phases reported in previous studies. Instead we observed a further transformation of ZIF-4-cp-II to another unreported phase, which is termed ZIF-4-cp-III. This new form is characterized by a symmetry lowering to a monoclinic system, which results in the appearance of new diffraction peaks. ZIF-4-cp-III amorphizes only above 7 GPa.
Although these results may appear to conflict with previous studies, the pressure increase rate (PIR) is vastly different. During the experiment reported here, the pressure was deliberately increased at a high rate of approximately 2.5 GPa/min up to 8 GPa, which is an estimated 100 times faster than achievable in conventional experiments as reported in previous experiments. 21, 22 As has been observed in pressuremediated transitions of other solid state materials, 38 this higher
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Article PIR facilitates a richer range of polymorphic behavior than witnessed in other studies. This effect is the result of a nonequilibrium transformation process induced by the substantially higher PIR. As a result, the formation of ZIF-4cp-II preempts the formation of ZIF-4-cp and the formation of ZIF-4-cp-III preempts the formation of a-ZIF-4. It thus becomes apparent that the kinetic control of the pressurization rate plays an important role, although this is rarely taken into consideration. 38 ZIF-4 at High-P−High-T. The P−T diagram shown in Figure 2 boundaries are indicated by colored fields, strictly as a guide to the eye only. Transitions, which occur via reconstructive processes, i.e., Zn−N bond breaking, are indicated by dashed lines. The simultaneous application of P and T to ZIF-4 resulted in the formation of two novel polymorphs, in addition to the two high-P−ambient-T phases discussed earlier, and the known amorphous a-ZIF-4, the recrystallized ZIF-zni, and liquid ZIF-4. Table 2 details the crystal structural parameters of the high-P−T phases. 
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The first transition at simultaneous high-P−T is that of ZIF-4/ZIF-4-cp-II, which occurs just below 40°C and 0.1 GPa. This transition is the same as that at high-P−ambient-T, which was discussed in the previous section. In contrast to the ambient-T experiment, the simultaneous application of heat here stabilizes the ZIF-4-cp-II phase up to at least 8 GPa and 250°C, without further transition to ZIF-4-cp-III. However, at comparatively lower pressures but higher temperatures (140°C −4 GPa, and 250°C−2.6 GPa), ZIF-4-cp-II amorphizes to a-ZIF-4. This is analogous to the amorphization of ZIF-4 to a-ZIF-4 at 250°C−ambient-P 39 and at 170°C−0.075 GPa. Importantly, the Clapeyron slope of the ZIF-4−a-ZIF-4 transformation is negative, while that of the ZIF-4-cp-II−a-ZIF-4 transformation is positive. This implies increasing relative densities in the order ZIF-4 < a-ZIF-4 < ZIF-4-cp-II. An equivalent change of the slope from negative to positive with increasing P has been reported for the melting curve of ZIF-62. 40 Upon further heating and pressurization of a-ZIF-4, two new transformations are associated with the recrystallization of two distinct high-P−T phases: ZIF-hPT-I at 0.4 GPa−270°C and ZIF-hPT-II at 0.8 GPa−290°C and 3 GPa−320°C. Both new phases, ZIF-hPT-I and ZIF-hPT-II, remain stable until the maximal achieved P−T conditions of these experiments. Importantly, we did not observe the melting of these phases within the given temperature limits. The melting curve of ZIFzni at elevated P is thus tentatively indicated with a positive Clapeyron slope. We justify this behavior by the formation of the high-density crystalline phases ZIF-hPT-I and ZIF-hPT-II prior to the (hypothetical) melting. In contrast, the previously reported melting behavior of ZIF-62 follows a negative Clapeyron slope due to the higher density of the liquid compared to the solid-amorphous precursor.
Crystal Structures. ZIF-4-cp-II. The unit cell and space group for ZIF-4-cp-II were found to be identical with those of the ZIF-4-LT structure, which occurs when ZIF-4 is cooled below −130°C. 16 Based on the ZIF-4-LT model, we successfully refined a structural model for ZIF-cp-II (Supporting Information). The difference between ZIF-4 and the new high-P ZIF-4-cp-II phase, both orthorhombic with space group Pbca, is a density increase by a factor of approximately 1.35, which is marked by an abrupt volume contraction (Supporting Figure 10 ). This densification is accomplished by a displacive transition (i.e., a rearrangement without breaking bonds) involving the rotation of the imidazolate linkers around the N− N hinges and the increase of Zn−Im−Zn angles by (on average) 10°. While the topology is preserved upon this densification, the six-and eight-membered rings of the cag topology are visibly squeezed (Figure 3) . A similar mechanism was described for the ZIF-4−ZIF-4-LT transformation. 16 An overlay of the asymmetric units of ZIF-cp-II and ZIF-4-LT is shown in Supporting Figure 11 .
ZIF-4-cp-III. The structure of ZIF-4-cp-III could not be reliably determined due to poor data quality. However, since the transition from ZIF-4-cp-II to ZIF-4-cp-III is instantaneous, we suggest that this orthorhombic to monoclinic transition can be classified as a displacive transition and that the structure retains the cag topology. The unit cell volume continuously decreases across the ZIF-4-cp-II−ZIF-4-cp-III transition (Supporting Figure 10) .
ZIF-hPT-I. The structure of ZIF-hPT-I could not be solved based on the present data. However, we propose a unit cell based on successful structureless refinements (Table 2) .
Consequently, it is unclear to what extent ZIF-hPT-I structurally differs from ZIF-zni and its high-P polymorph β-ZIF-zni, given the very similar unit cell dimensions of all three phases ( Table 2 ). Furthermore, interconversion of the two phases ZIF-hPT-I and ZIF-hPT-II is kinetically hindered, as demonstrated by their widely overlapping apparent stabilities (Supporting Figure 12 ). The most likely explanation for these metastable extensions is a distinct topology of the two structures. This would imply that any transition between them is reconstructive, i.e., requires the breakage and reformation of Zn−N bonds for interconversion. Further evidence for a distinct topology stems from the observation that around 550°C ZIF-hPT-I amorphized at 6 GPa, while ZIF-hPT-II proved stable at least up to 8 GPa (Supporting Figure 12) .
ZIF-hPT-II. The structure of ZIF-hPT-II ( Figure 4 ) was found to be isostructural to previously reported Cd(Im) 2 and Hg(Im) 2 phases 43 and is based on a double-interpenetrated diamondoid network. This interpenetration is surprising given the relatively short Zn−N bonds compared to Cd−N and Hg− N bonds, and previously it had therefore been deemed impossible for a Zn(Im) 2 compound. 43 Twofold interpenetrated diamondoid Zn(Im) 2 networks have also been simulated in a number of space groups, none of which was found to be 
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Article energetically favorable at ambient conditions. 44 Whether ZIF-hPT-II is stable at ambient conditions remains experimentally unknown, although it is unlikely to undergo a reconstructive bond-breaking process upon decompression.
A second-order Birch−Murnaghan equation of state was fitted from 1.4 to 4.9 GPa to the refined unit cell volumes of ZIF-hPT-II using EOSfit7-GUI, 45 obtained from isothermal compression at 520°C. The resulting bulk modulus (K 0 ) is 21.6(1) GPa (Supporting Figure 13 ). In comparison, the dense ZIF-zni has a bulk modulus of approximately 14 GPa at ambient temperature. 42 DFT Calculations. Energy minimization calculations were performed for ZIF-4-cp-II, ZIF-4, and ZIF-zni in order to validate the energetic stability of the new, experimentally determined high-P polymorph ZIF-4-cp-II (Table 3 ). The lattice parameters of the conventional cell are given in Supporting Table 3 . The absolute energies calculated here for ZIF-4 and ZIF-zni are slightly higher compared to those resulting from similar calculations, which is in line with the fact that previous calculations were performed without dispersion correction. 2 Interestingly, the energy of ZIF-4-cp-II is intermediate to those of ZIF-4 and ZIF-zni, despite being the densest structure among the three. This, and the observation that relaxing its unit cell leads to an expansion, points out that the structure is highly strained and only accessible under high-P conditions.
Comparison of ZIF-4 and ZIF-62 at High-P−T Conditions. It is well known how ZIF-4 and its partially linker substituted relative ZIF-62 substantially differ in their high-T behavior. 20 For example, the recrystallization mechanism leading to the transformation of ZIF-4 to ZIF-zni upon heating is inhibited in ZIF-62 due to the presence of bulky bIm ligands. The presence of bIm also lowers the melting temperature of ZIF-62 relative to ZIF-4 and extends the stability range of that melt. Comparison of the high-P−T behavior of ZIF-4 with that of ZIF-62 reveals an even widerranging control of the presence of the bIm linker. In fact, none of the displacive or reconstructive transformations at high-P−T conditions observed in ZIF-4 occur in ZIF-62. Meanwhile, ZIF-62 amorphizes above 5 GPa, while ZIF-4 has been shown to undergo P-induced amorphization at comparable pressurization rates at a much lower P of around 1 GPa. 22 The significant difference in high-P stability at ambient-T between these two ZIFs may, again, be explained by the more sterically hindered bIm linkers protruding into the pore cavities and offering additional stabilization against collapse. This structural stabilization of ZIF-62 through linker substitution has been confirmed by force-field-based molecular dynamics simulations of the elastic properties of ZIF-62 and ZIF-4. 40 Furthermore, in the case of ZIF-62, we inferred the existence of distinct, though adjacent, high-T and high-P amorphous phases. 40 Here, in the case of ZIF-4, the two equivalent high-T and high-P amorphous phases are separated by other crystalline phases. This is further support that the high-T-and high-P-induced amorphous phases of this ZIF system, as previously reported, indeed are structurally distinct.
Critical Considerations. The compilation of all the high-T, high-P, and high-P−T polymorphs reported in previous literature and the present study into a single thermodynamically valid P−T phase diagram requires critical consideration of several experimental and theoretical issues: (1) the rates of pressure and temperature increase, (2) the influence of the pressure-transmitting media, (3) sample-dependent effects, (4) the definition of a phase transition, and (5) whether the overall energy landscape of the system with Zn(Im) 2 composition or the local energy landscape of the ZIF-4 network with cag topology is in question.
(1) Experimentally determined phase boundaries will always depend on the transformation kinetics between the two adjacent phases. In particular, reconstructive transformations can be very sluggish and may allow a phase to persist in a metastable state beyond its thermodynamic P−T stability field. 46 Furthermore, kinetic effects can allow two distinct phases to coexist over a certain range of conditions. The single most important factor here is the applied pressurization and/or heating rate. In addition to the shifting of apparent phase boundaries, there is also a possibility that altogether different polymorphs form depending on these rates. 38 (2) Different types of nonpenetrating pressure-transmitting media have been used in past and present studies. Fluorinert, silicone oil, and Daphne Oil have distinct hydrostatic limits at ambient temperature of approximately 2, 2.5, and 4 GPa, respectively. 47 This limit will affect the onset pressures of amorphization 48, 49 and may therefore also preclude the transformation to higherpressure polymorphs. Furthermore, it appears that the type of pressure-transmitting medium also affects the structure of high-P polymorphs. Upon pressurizing ZIF-4 at ambient-T, the use of Fluorinert affords the monoclinic ZIF-4-cp, while the use of both Daphne Oil and silicone oil results in the orthorhombic ZIF-4cp-II. This can only be explained by an unknown and unexpected interaction of the medium with ZIF-4. (3) There are several sample-dependent factors that have been shown to influence the experimental outcome of nonambient studies. For example, residual solvent molecules in microporous materials has been shown to inhibit 16 as well as promote 22 phase transitions. It is therefore important to either carefully evacuate or deliberately solvate starting materials. Furthermore, it is widely accepted that crystallite size can play a major role and affect the thermodynamic landscape of phase transitions. 50,51 However, such effects become significant only when the crystal size is decreased to the nanometer scales. 52 (4) Additional difficulties for determining accurate phase boundaries arise from the softness 53 of porous structures. Depending on the available data, it is not 
Article always a clear-cut distinction whether the response to variable pressure or temperature is that of a phase transition sensu stricto or that of a highly flexible structure accommodating a large degree of continuous geometric relaxation. For instance, the low-temperature transition in ZIF-4 was structurally described as a symmetry-preserving continuous volume contraction. 16 Yet it classifies as a discontinuous phase transition given an exothermic signal found in differential scanning calorimetry measurements. A combination of techniques may therefore be necessary to clearly detect and identify phase boundaries. (5) Finally, the interpretation of experimentally derived P−T phase diagrams of porous coordination polymers requires a clear definition of the scope of phase stability. High kinetic barriers can extend the apparent stability of some phases indefinitely or prevent the formation of certain phases altogether, as discussed in point (1) . This is exemplified very well indeed by the behavior of ZIF-4. The intricate network of ZIF-4 is difficult to recrystallize, i.e., transform reconstructively, due to bulky and rigid organic molecules. As a result, ZIF-4 is metastable up to approximately 250°C. 3 Above this temperature, instead of transforming to the most stable crystalline conformation, the system adopts an energetically intermediate amorphous state. 39, 48 At higher temperature still, when a reconstructive transition is kinetically possible, ZIF-4 recrystallizes to ZIF-zni. However, ZIFzni only represents the thermodynamically stable phase above 360°C, despite the fact that it is recoverable to ambient conditions. 15 The thermodynamically most stable phase between ambient-T and the formation of ZIF-zni, ZIF-coi, 15 was never observed, which might be attributed to it lying very close in density and energy to ZIF-zni. As a consequence of these kinetic controls, the outcome of a P−T phase diagram study in strongly associated systems such as MOFs will strongly depend on the P−T paths taken during the experiment.
With regard to the P−T diagrams of ZIF-4 here, it is, for example, unclear whether the transformation of ZIF-4 to the isotopological ZIF-4-cp-III reflects a global energy minimization. The known competing phase, β-ZIF-zni, has an almost identical density, and a potential high-P polymorph of ZIF-coi is also likely to exist, but has not yet been described. Furthermore, the onsets of crystallizations of the ZIF-hPT-I and ZIF-hPT-II phases are unlikely to reflect a transition dictated only by a favorable change in free energy. It is more likely that these transitions mark the overcoming of thermal activation barriers for recrystallization. In conclusion, the phase diagrams presented here are technically not thermodynamic phase diagrams sensu stricto, but indications of phase behavior under a certain set of conditions.
■ CONCLUSIONS
We have investigated the phase stability of ZIF-4 at simultaneous high-P and high-T using in situ powder X-ray diffraction. The relatively narrow stability field of ZIF-4 extends up to approximately 0.1 GPa and 250°C. The subsequent structural changes observed at higher P−T conditions can be grouped into the two categories of displacive and reconstructive transformations. The closed-pore phases ZIF-4-cp, ZIF-4-cp-II, and ZIF-4-cp-III, which border ZIF-4, preserve the chemical bonding and thus the underlying cag topology upon transition. Separated from ZIF-4 by an amorphous field, the high-P−T phases ZIF-zni, ZIF-hPT-I, and ZIF-hPT-II represent entirely recrystallized structures with new topologies, which are the first high-P−T crystalline MOF polymorphs observed. This bodes well for the continued exploration of the high-P−T materials space. Altogether, these dense Zn(Im) 2 polymorphs span a large stability range in P−T space up to at least 8 GPa and 580°C, a considerable scope for a compound containing organic molecules. 
